Abstract: An explosive co-crystal of 1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (HMX) and 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) was prepared by the ball milling method. The raw materials and co-crystals were characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD), differential scanning calorimetry (DSC) and Raman spectroscopy. Impact and friction sensitivity of the co-crystals were tested and analyzed. The results showed that the HMX/TATB co-crystals are spherical in shape and 100-300 nm in size. The co-crystals are different from anintimate mixture of HMX/TATB and they exhibit a new co-crystal structure. HMX/TATB co-crystals are formed by N-O···H hydrogen bonding between −NO2 (HMX) and −NH2 (TATB). The drop height of ultrafine HMX/TATB explosive co-crystals is 12.7 cm higher than that of ultrafine HMX, whilst the explosion probability of friction is 20% lower than that of ultrafine HMX. Ultrafine HMX/TATB explosive co-crystals are difficult to initiate under impact and friction conditions.
Introduction
In recent years, co-crystal technology has attracted extensive attention of energetic materials researchers who have applied it in the modification of energetic materials [1] . Co-crystal explosives, with good comprehensive properties, based on CL-20 [2] [3] [4] , HMX [5] [6] [7] , TNT [8] , BTF [9, 10] and NTO [11] have been synthesized.
HMX has been generally used as the main ingredient in munitions and propellants due to its high energy output and destructibility. However, its high mechanical sensitivity restricts its actual military application. TATB favours the preparation of insensitive munitions because of its moderate power, low mechanical sensitivity and high heat-resistant property. It was of interest to verify whether or not co-crystal technology could combine the brilliant properties of HMX and TATB. Therefore, continued study of HMX/TATB explosive co-crystals has been conducted by the researchers at the Southwest University of Science and Technology (China) and the Chinese Academy of Engineering Physics. Initially, the equilibrium structures of different HMX/TATB co-crystal models were simulated through molecular dynamics. The co-crystal structure of HMX/TATB was most stable when the HMX molecule was substituted by TATB on the surface of the HMX crystal, with the lowest surface free energy and the slowest growth rate [12] . Subsequently, the HMX/TATB co-crystal structure was predicted using the polymorph predictor method. It belonged to the P 1 , P2 1 2 1 2 1 or P2 1 /c space group. The mechanical properties, stability and intermolecular interaction energy of the HMX/TATB cocrystals were simulated through molecular dynamics. The mechanical properties and stability of the co-crystals were improved because the moduli systematically decreased and the trigger bond N−NO 2 was modified. This phenomenon can be explained by the presence of strong van der Waals interactions and hydrogen bonds between the HMX and TATB molecules [13] . On the basis of previous studies, HMX/TATB explosive co-crystals were prepared using the solvent/nonsolvent method. The co-crystals formed presented polyhedral shapes and their particle sizes were approximately 20-30 μm [14] . In terms of reducing the mechanical sensitivity [15] [16] [17] and improving the reaction rate [18] [19] [20] , ultrafine explosive particles have an advantage over large ones. Thus far, ultrafine CL-20/HMX and CL-20/TNT explosive co-crystals have been prepared through the spray flash evaporation process [21, 22] , whereas nano CL-20/HMX co-crystals have been synthesized through the ultrasonic spray-assisted electrostatic adsorption method [23] . Ultrafine CL-20/TNT and nano HMX/TNT co-crystals with low sensitivity were prepared in our previous studies by the spray drying method [24, 25] . In the three preparative methods mentioned above, it is necessary to select a suitable solvent to dissolve the entire explosive. However, TATB has low solubility in traditional solvents including dimethyl sulfoxide (DMSO). Therefore, these spray methods are not appropriate for preparing explosive co-crystals with TATB inclusions. Mechanical milling is a green environmentally-friendly preparative method without the use of organic solvents and is an unusually significant method for preparing pharmaceutical co-crystals [26, 27] and ultrafine explosives [28] . Qiu et al. first adopted a bead milling method to prepare nanoscale CL-20/HMX co-crystal particles [29] .
On the basis of previous studies of HMX/TATB explosive co-crystals, ultrafine HMX/TATB (molar ratio 8/1) explosive co-crystals were prepared by the ball milling method. Furthermore, the morphology, size, X-ray diffraction, thermolysis, reasons for co-crystal formation, impact sensitivity and friction sensitivity of the ultrafine co-crystals were investigated in detail.
Experimental Section

Materials
HMX and TATB were provided by Gansu Yinguang Chemical Industry Co. Ltd. of China. Deionized water was laboratory prepared. The YXQN type planet type ball mill and zirconia balls (0.1 mm) were purchased from Changsha Miqi Instrument Equipment Co. Ltd. of China. The KQ-300E ultrasonic cleaner was purchased from Kunshan Ultrasonic Instruments Co. Ltd. of China.
Sample preparation
Firstly, HMX (9.02 g), TATB (0.98 g), deinonized water (100 mL) and zirconia balls (200 g) were added to the ceramic ball mill pot. Then, the planet type ball mill was used to produce the explosive co-crystals. The revolution and rotation speed were 300 r/min and 600 r/min, respectively. The milling time was set to 8 h.
The operating principle of the planet type ball mill is that four ball mill pots on the circumference of the rotating disk rotate along with the wheel revolution and high-speed rotation. Under this circumstance, the milling balls and material particles in the mill pots will go through the process of collision, shearing and friction, which resulted in the object of smash, grind, mixing and reaction.
Finally, the white zirconia balls and yellow suspension were separated using sonication. After filtration, washing, and freeze drying of the yellow suspension, the objective sample was obtained.
Ultrafine HMX (10 g ) and ultrafine TATB (10 g) were prepared as reference samples using the same process.
Characterization of samples
A Mira3 LMH scanning electron microscope, which was manufactured by TESCAN of the Czech Republic, was used to characterize the particle size and morphology of the samples.
An X-ray diffractometer, which was made by Dandong Haoyuan Instrument Co. Ltd. of China, was used to identify HMX, TATB and the prepared co-crystal sample. The testing conditions included the target material (Cu) with a tube voltage of 40 kV, tube current of 30 mA, a start angle of 5°, and an end angle of 50°.
Differential scanning calorimetry was carried out using a Setaram DSC 131 instrument from France. In the test, each sample (0.7 mg) was placed in a closed aluminum crucible of 30 μL volume with a hole in the lid. The samples were measured with a temperature profile of 40 °C to 420 °C at a heating rate of 10 K/min in a nitrogen atmosphere, flow rate 30 mL/min.
A Raman spectroscopy instrument, manufactured by Bio-Rad Co. Ltd., USA, was used to explore the reasons for the formation of co-crystals. Raman excitation light provided by a 532 nm beam from an argonion laser and 0.5 mW power was used for all measurements. For each sample, the spectrum was obtained by averaging 20 scans with a measurement time of 5 s per scan.
An ERL type 12-drop hammer apparatus was used to conduct the impact sensitivity tests according to the GJB-772A-97 standard method 601.3 [30] . The testing conditions consisted of a drop weight of 2.500 ±0.002 kg, a sample mass of 35 ±1 mg and a relative humidity of 50%. The critical drop-height of 50% explosion probability (H 50 ) was used to represent the test results.
A WM-1 pendulum friction apparatus was used to test the friction sensitivity based on the GJB-772A-97 standard method 602.1 [30] . The experimental conditions were as follows. Pendulum weight, 1.5 kg; swing angle 90°; pressure 3.92 MPa; sample mass 20 ±1 mg and test number 25. Friction sensitivity was expressed as explosion probability (P). Figure 1 shows the SEM images of the raw HMX, the raw TATB, an ultrafine HMX/TATB mixture with a molar ratio of 8/1 and the HMX/TATB co-crystals. The morphology of the raw HMX particles was of a polyhedral shape with an uneven size distribution and an average particle size of ca. 100 μm. The raw TATB particles had extremely rough surfaces with many edges and corners. The 
Results and Discussion
SEM
XRD
Raw HMX, raw TATB, and HMX/TATB co-crystals were examined by X-ray diffraction. The observed patterns are shown in Figure 2 . The crystal form of raw HMX was identified as the β-type using MDI Jade 9 and PDF 2009 software. In Figure 2 all the diffraction peaks of raw HMX appear in the pattern of the HMX/TATB co-crystals. However, only the diffraction peak of raw TATB at 28.4° appears in that pattern. The result showed that the explosive sample, which was prepared by the ball milling method, was not simply mixed, but that HMX and TATB had interacted to form a new co-crystal structure. In addition, the peaks of the explosive co-crystals were much weaker and wider than those of the raw samples. This phenomenon was caused by X-ray dispersion, which was induced by the small co-crystal particles. This is confirmed by the result presented in Figure 1c . Figure 3 shows the DSC curves of raw HMX, raw TATB, a mixture of raw HMX/TATB with a molar ratio of 8/1, an ultrafine HMX/TATB mixture with a molar ratio of 8/1, and the HMX/TATB co-crystals at a heating rate of 10 K/min. It shows that the melting endothermic peaks of the raw HMX and the raw HMX/TATB mixture and ultrafine HMX/TATB mixture are obvious at approximately 280 °C. However, this phenomenon does not occur in the co-crystal sample. Comparing the DSC curves of the two mixtures, the temperatures of the two exothermic peaks and the single endothermic peak from the ultrafine mixture are approximately 4 °C lower than those of the raw mixture. Compared with the DSC curves of the raw and ultrafine HMX/TATB mixture, the exothermic peak temperature of TATB in the curve of the co-crystals does not appear around 380 °C. Thus, the changes reveal that the HMX/TATB co-crystals are not an intimate mixture of HMX/TATB and exhibit thermal stability that is indistinguishable from that of HMX. 
DSC
Raman spectroscopy
The Raman spectra of raw HMX, raw TATB and HMX/TATB co-crystals are presented in Figure 4 . The assignments of the major bands of the Raman spectra of the samples are listed in Table 1 . Figure 4 and Table 1 show that several HMX and TATB peaks shift markedly in the Raman spectrum of the co-crystals. In TATB, the −NH 2 stretch shifts from 3223.7 cm −1 to 3214.0 cm 
Mechanical sensitivity
Raw HMX, raw TATB, ultrafine HMX, ultrafine TATB, raw HMX/TATB mixture with a molar ratio of 8/1, ultrafine HMX/TATB mixture with a molar ratio of 8/1 and ultrafine HMX/TATB co-crystals were subjected to impact and friction sensitivity tests, and the results are provided in Table 2 . Table 2 shows that reducing the size of the HMX particles and mixing with TATB can reduce the mechanical sensitivity of HMX. The impact and friction sensitivities of ultrafine HMX/TATB explosive co-crystals clearly decreased compared with that of the ultrafine HMX. The drop height of ultrafine explosive co-crystals was increased by 4.8 cm compared with that of the ultrafine HMX/TATB mixture and the explosion probability of friction was 8% lower than that of the ultrafine mixture. These results suggest that the mechanical sensitivity of HMX can be reduced by the formation of co-crystals with TATB. Ultrafine HMX/TATB explosive cocrystals are difficult to initiate under impact and friction conditions and exhibit insensitive characteristics. In addition to the reasons for particle size reduction, the low mechanical sensitivity of HMX/TATB explosive co-crystals is due to the increased degree of hydrogen bonding observed in the co-crystal structure [31] . 
Conclusions
Ultrafine explosive co-crystals of HMX/TATB were prepared by ball milling a suspension of HMX and TATB at a molar ratio of 8/1. The HMX/TATB co-crystals were spherical and ranged from 100 nm to 300 nm. The XRD and DSC patterns of the co-crystals revealed that they are not an intimate mixture of HMX/TATB according to the proportions and that they exhibit a new crystal structure. The Raman spectra indicated that the co-crystals were formed by N−O···H hydrogen bonding between −NO 2 (HMX) and −NH 2 (TATB).
